This paper describes the investigations in a sedimentation and circulation reactor (SU-reactor) of a three-phase Biocos plant. The aim of these investigations was the determination of the temporal and depthdependent distribution of suspended solid contents, as well as describing the sludge sedimentation curves. The calculated results reveal peculiarities of the Biocos method with regard to sedimentation processes. In the hydraulically uninterrupted (pre-)settling phase, a sludge level depth was observed, which remained constant over the reactor surface and increased linearly according to the sludge volume. The settling and the thickening processes of this phase corresponded to a large extent to the well-known settling test in a onelitre measuring cylinder. During the discharge phase, the investigated settling rate was overlaid by the surface loading rate and the sludge level changed depending on the difference between those two parameters. The solid distribution of the A-phase indicated a formation of functional zones, which were influenced by the surface loading. The formation was comparable to the formation of layers in secondary settling tanks with vertical flow. The concentration equalisation between the biological reactor and the SUreactor proved to be problematic during the circulation phase, because a type of internal sludge circulation occurred in the SU-reactor. A permanent sludge recirculation seems to be highly recommendable.
Introduction
Conventional secondary settling tanks have proved to be the weakest technological link of the purification process in many communal sewage treatment plants. Systems were developed according to the SBR (sequencing batch reactor) principle, which combine the activated sludge technology with hydraulically uninterrupted settling conditions during the secondary sedimentation. One of those systems is the Biocos method, developed by Ingerle, University of Innsbruck, Austria. Since the mid 1990s a number of Biocos plants of up to 10,000 PE have been built and successfully operated in Europe (Ingerle, 1998) . As a result of the scarcity of available empirical data related to sludge settling processes in Biocos plants, investigations were carried out in this connection by the Bauhaus-University Weimar (Meusel, 2001) . The aim of these investigations was the determination of the temporal and depth-dependent distribution of suspended solid contents, as well as describing the sludge sedimentation curves in the sedimentation and circulation reactor at an example plant (sewage treatment plant Buchbach, Germany). The results should improve the design criteria for batch reactors.
Method description
The Biocos ("biological combined system") method is a modification of the classic activated sludge method and the SBR technology. One conventional activated sludge reactor (B-reactor) is combined with a sedimentation and circulation reactor (SU-reactor).
After the mechanical treatment, carbon compounds are degraded and the wastewater is nitrified and/or denitrified in the intermittently aerated B-reactor, according to the present environmental conditions. The following three-phased switched SU-reactor substitutes a secondary settling tank with a sludge recirculation pump station. It is supposed to provide the required cleaned water discharge under rain and dry weather conditions and also to secure the recirculation of the sedimented sludge (Ingerle, 2003) .
In a Biocos plant without accumulation operation, two SU-reactors are attached to every B-reactor ( Figure 1 ). The final effluent gate in each of the two SU-reactors is opened during the half-cycle periods of operation. At the bottom of the reactor, the mixed liquor flows at a very low velocity from the B-reactor into the SU-reactor, whereupon it sediments and displaces cleaned water into the final effluent (discharge phase "A").
During this phase, an increase of the sludge concentration occurs within the SU-reactor, which has to be equalised in the following mixing phase "U". While the final effluent gate is closed, the deposited activated sludge is stirred by a pump, situated close to the bottom opening of the SU-reactor and the mixed liquor is circulated through the B-and SU-reactors. Between the two reactors, two flaps are positioned close to the water surface. They are opened during the "U"-phase. In the following settling phase "V", the activated sludge particles of the interchanged suspension settle hydraulically uninterruptedly until the sludge level has sunk enough and the following discharge phase "A" can begin (Wett, 1999) .
Materials and methods

Description of the analysed sewage treatment plant
The full-scale sewage treatment plant of Buchbach was planned for a capacity of 1,200 PE in a combined sewage system with the purification goal "aerobic sludge stabilisation and nitrification".
The inflow wastewater is pumped into a mechanical preliminary treatment (screen and aerated grit chamber) and into the following biological treatment. The charging depends on the type of inflow (dry or rain weather inflow) and is 5 L/s in unsteady intervals or in the latter case 10 L/s constantly.
The operating method of the B-and SU-reactors corresponds to the procedures described in the above-mentioned chapter, whereby the two SU-reactors, which are consecutively flowed through, are operated according to the phase periods listed below: • Mixing phase: 15 min • Settling phase: 45 min • Discharge phase: 60 min Thus the total duration of the purification cycle amounts to 2 hours. Figure 1 Operating scheme of a Biocos plant (after Wett, 1999) Each of the two SU-reactors has a reactor surface area of 28 square metres and approximately 4.50 m water depth. This reactor geometry results in a vertical flow during the discharge phase.
The inflowing wastewater into the sewage treatment plant corresponds to the composition of household wastewater. However, it is considerably diluted by a very high amount of clean water inflow into the sewer system (Table 1) .
Sampling and analysis
The following two focal points are determined with regard to the investigations of sludge settling processes in SU-reactors: • Analysis of the sludge level changes during the settling "V" and discharge "A" phases in order to calculate the sludge settling rates SSR • Analysis of the total solid contents (TS) during the settling "V" and discharge "A" phases along the whole reactor depth to describe the solid matter distribution An optoelectronic turbidity measuring system was chosen for the determination of the total solid contents (in g/L). The measurement velocity was defined to 2 cm/s, so that any disturbances caused by the stirred sludge could be avoided. The measurement data was recorded in altitude intervals of 10 cm.
Ten measurement points were defined along three lateral axes for the measurements (Figure 2 ).
The measurements were carried out at all 10 measurement points for rain and dry weather and repeated with a second (lower) suspended solid content within the biological reactor. It was necessary to keep the measuring conditions as constant as possible during these four series in order to provide comparable results from the different measurement points.
Based on the data published by scientific manuals, the position of the sludge level was determined at 1 g/L MLSS.
Additionally to the above-mentioned parameters, the following peripheral data had to be determined in order to enable the evaluation of the measurement results: Almost the same sludge level depth could be observed along the SU-reactor surface in the hydraulically uninterrupted V-phase. In order to simplify the procedure and to reduce the number of mistakes, average sludge level depths were created from all measurements carried out daily (based on the same sludge volumes). Their temporal changes are presented in Figure 3 . The sludge volume SV SU and the suspended solid content MLSS SU of that day were added to the calculated values. Figure 3 highlights the dependence of the sludge sedimentation curves from the sludge volumes; the sludge level depths increase with the sinking of the sludge volumes. The curves can be referred to as approximately linear, mainly at higher SV SU . A light bending occurred at SV SU = 370 mL/L, which was obviously caused by constantly falling settling rates.
The calculated sludge level depths of all measurement series during the V-phase served as the basis for the calculation of the sludge settling rates SSR. Figure 4 compares the results of the investigations with the settling rates of the settling experiment in a one-litre measuring cylinder (Merkel, 1971; Resch, 1981) , as well as with the design rates in SBR reactors (Kayser, 1995; ATV-M 210, 1997) . It is obvious that at higher sludge volumes, the proposed values of scientific manuals for SBR-plants could not be reached. This means that using those design criteria would result in SU-tanks that were too small.
Sludge sedimentation curves during the discharge phase
As a result of the impact of the surface overflow rate SOR and corresponding to the inflowing sludge at the bottom of the reactor, the sludge sedimentation curves were different from those during the V-phase.
The calculated surface overflow rate during the A-phases amounted to constant 1.286 m/h with storm water inflow due to the constant pump capacity from 10 L/s. In the dry weather case, those comparative hydraulic ratios were not given because the reactor inflow fluctuated between 0 and 5 L/s. Therefore no direct comparisons between the measurement points could be carried out with dry weather inflow. Figure 5 presents the sludge sedimentation curves of all four measurement series exemplified by measurement point 2.
Referring to Figure 5 , it can be concluded that the sludge level can either rise or fall further according to the difference between the surface overflow rates and settling rates (and accordingly the sludge volumes).
The calculated depths of the sludge level during the V-phase provided comparable values at all measurement points. But there were slightly lower sludge level depths (5-10 cm) close to the discharge facilities caused by suction.
Solid matter distribution
Based on the recorded results of the solid content measurements along the whole depth of the SU-reactor, lateral and longitudinal profiles of the solid matter distribution were drawn.
As a result of the constant surface overflow rate, the figures were exclusively created with values from the two measurement series under rainy weather conditions. Analogous to Wett (1997) and Merkel (1971) , a three-layer sedimentation model was used, which consists of a clear water zone, a dividing (settling) zone and a compression zone. The transition between the latter two layers marks the so-called break point concentration, whose suspended solid content amounts to MLSS break point = 480 ml·L -1 /SVI > MLSS reactor (Merkel, 1971) .
The four selected longitudinal profiles in Figure 6 indicate that it is necessary to distinguish the sludge settling processes according to their phases and suspended solid contents in the reactor. With the amount of MLSS SU = 4.1 g/L, a relatively constant solid matter distribution over the SU-reactor surface was calculated at the end of the V-phase. For the higher suspended solid content of MLSS SU = 5.3 g/L a significant increase of the concentration was observed at the bottom of the reactor. This phenomenon can be explained by Figure 5 Measured sludge sedimentation curves during the A-phase (max water depth = 4.5 m) dead flow zones during the circulation of the U-phase. The processes until the end of the V-phase correspond to a large extent to the well-known sedimentation processes from the 1 L measuring cylinder (Resch, 1981) , whereby higher solid contents and accordingly a more intense thickening can be achieved due to the lack of wall frictional forces.
During the A-phase those hydraulically uninterrupted processes changed significantly. At the end of that phase, the lower suspended solid content led to the formation of a larger dividing zone, which became more shallow towards the bottom of the reactor as a result of the flow impact. Above all, the modification of this layer occurred within the inner part of the reactor and was similar to the description by Resch (1981) of the perfect flocculation whirl layers, respectively, flocculent filter in secondary settlement tanks with vertical flow. The thickening processes, which began during the V-phase, continued below the flowedthrough area, reaching the highest concentrations within the final sector because of the larger thickening zones.
The formation of a flocculent filter could be only partially observed at MLSS SU = 5.3 g/L. As a result of the high suspended solid content in the SU-reactor, the suspension was divided into singular dividing zone fields, which finally formed a broad channel towards the discharge facilities. Under the influence of blocked or deflected flows, the settling and thickening sludge rearranged itself along the whole SU-reactor with different concentrations. On the other hand, at the border zones and at the bottom of the reactor there were hardly any separation processes. In those areas irregular thickening processes were taking place.
Under the assumption of similar sludge volumes, the sludge sedimentation processes during the V-phase at dry weather inflow corresponded to the processes under rainy weather conditions. However, differences occurred due to interrupted inflows during the A-phase. Figure 7 , based on measurement point 2, shows that no completely floating floc layer could be formed with the solid matter content of MLSS SU = 5.3 g/L, because the upward flow was obviously too weak and irregular for the increased sludge quantities within the SU-reactor. The suspension seemed to be flowing through the weak spots of the sedimented sludge. However, an unstable formation of the floating floc layer could be observed at the low solid content. At the beginning of the A-phase the formation of a floating layer was clearly visible, although the thickness of the separating layer diminished considerably during the further measurements.
Sludge concentration interchange during the mixing phase
Although the recirculation pump of the SU-reactor was designed with a 1.2-fold interchanging rate of the reactor content, the comparisons carried out between the measured mixed liquor suspended solid contents of the B-and the SU-reactors revealed an incomplete equalisation of the sludge concentrations under certain conditions (Table 2) .
At a suspended solid content of MLSS tot > 5 g/L in the total system (B-reactor + the two SU-reactors), the concentration differences could be registered only during the storm water inflow. The higher concentration increase in the SU-reactor during the A-phases could be pointed out as a condition for this phenomenon. It occurs as a result of the inflowing mixed liquor amount of 10 L/s. At low solid contents and sludge volumes, the concentration differences were measured independently from the inflow type at all measurement days, so that over short U-phase periods are not a sufficient explanation of that operating problem.
Obviously the whirled sludge sinks downwards before passing the back-flow flaps Figure 7 Solid matter distribution at measurement point 2 during the A-phase between those two reactors due to the low turbulences, as well as due to the significantly faster sedimentation processes at a low sludge volume. This means that a kind of an internal sludge circulation occurs within the SU-reactor ( Figure 8 ). As long as there is a significant concentration decrease in the upper layers of the reactor, a certain equalisation between the reactors cannot be exceeded. The optimisation of the hydraulic flows and accordingly the concentration equalisation during the U-phase is necessary in order to ensure the effluent quality and to enable an operation with high suspended solid contents in the aeration tank.
Conclusions
With the help of the investigation results, the sludge sedimentation curves and the solid matter distribution from previous studies on the Biocos method (Ingerle, 1999; Wett, 1999) could be further improved. Above all, the test shed light on the knowledge of the settling processes during the discharge phase, which is specific for this method.
The calculated settling rates of the discharge phases show the existing necessity to develop special equations for their calculation in batch reactors. For dimensioning the reactors with hydraulically uninterrupted sludge sedimentation, the current application of modified equations for secondary sedimentation tanks with vertical flow proves to be too inaccurate, as those tanks are affected by influences of flow.
The required concentration equalisation during the mixing phase has to be improved in order to ensure that a certain maximum of the sludge volume in the SU-reactor cannot be exceeded. Permanent sludge back-flow from the SU-reactor into the B-reactor, analogous to the new four-phase Biocos method (Ingerle, 2001) are highly recommended.
